Results for the leading two-loop corrections of O α 2 t from the Yukawa sector to the Higgs-boson mass spectrum of the MSSM with complex parameters are presented, with details of the analytical calculation performed in the Feynman-diagrammatic approach using a mixed on-shell DR scheme that can be directly matched onto the higher-order terms in the code FeynHiggs. Numerical results are shown for the masses and mixing effects in the neutral Higgs-boson sector and their variation with the phases of the complex parameters. Furthermore, the analytical expressions of the twoloop self-energies and the required renormalization constants are recorded. The new results can consistently be implemented in FeynHiggs. *
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Introduction
The recently discovered new boson [1, 2] with a mass around 125. 6 GeV by the experiments ATLAS and CMS at the LHC has given rise to substantial investigations to reveal the nature of this particle as a Higgs boson responsible for electroweak symmetry breaking. Within the present experimental uncertainties the measured properties of this new boson are consistent with the corresponding expectations for the Standard Model Higgs boson [3] ; on the other hand, a large variety of other interpretations is possible where the Higgs particle belongs to an extended model connected to physics beyond the Standard Model. Within the theoretically well motivated minimal supersymmetric Standard Model (MSSM), the observed particle could be interpreted as a light state within a richer spectrum of scalar particles. The Higgs sector of the MSSM consists of two complex scalar doublets leading to five physical Higgs bosons and three (would-be) Goldstone bosons. At the treelevel, the physical states are given by the neutral CP -even h, H and CP -odd A bosons, together with the charged H ± bosons, and can be parametrized in terms of the A-boson mass m A and the ratio of the two vacuum expectation values, tan β = v 2 /v 1 . In the MSSM with complex parameters, the cMSSM, CP -violation is induced in the Higgs sector via loop contributions involving complex parameters from other SUSY sectors leading to mixing between h, H and A in the mass eigenstates [4] . Masses and mixings in the neutral sector are strongly affected by loop contributions. A lot of work has been invested into higher-order calculations of the mass spectrum from the SUSY parameters, in the case of the real MSSM [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] as well as for the cMSSM [19] [20] [21] [22] [23] . The largest loop contributions originate from the Yukawa sector with the large top Yukawa coupling h t , or α t = h 2 t (4π) . The class of leading two-loop Yukawa-type corrections of O α 2 t has been calculated for the case of real parameters [13, 14] , applying the method of the effective potential. Together with the full one-loop result [23] and the leading O(α t α s ) terms [22] , both accomplished in the Feynmandiagrammatic approach including complex parameters, it has been implemented in the public program FeynHiggs [7, 15, [23] [24] [25] . A calculation of the O α 2 t terms for the complex version of the MSSM, however, was not available so far; it is the content of this article.
In a recent paper [26] we have shown first results for the impact of the O α 2 t contributions within the cMSSM on the mass of the lightest neutral Higgs boson. Here we give details of the calculation and list the analytic results entering the evaluation of the one-and two-point functions of the Higgs sector and the required counterterms. The calculation is done in the Feynman-diagrammatic approach, extending the on-shell renormalization scheme of Ref. [23] to the two-loop level. This ensures that the obtained analytical results for the renormalized two-loop self-energies can consistently be incorporated in FeynHiggs. In the numerical analysis, we show results for the masses and CP -mixing of the three neutral Higgs bosons of the cMSSM and their dependence on the complex phases of the relevant parameters.
The paper is organized as follows: section 2 provides the theoretical framework of the calculation and renormalization for getting the dressed propagators of the neutral Higgs sector up to the twoloop level. The necessary one-loop subrenormalization is described in section 3, and numerical results are shown in section 4. The Appendix contains all couplings and counterterm vertices needed for the calculation of the contributing Feynman diagrams, as well as a complete list of the counterterms and of the analytical expressions for the tadpoles and the self-energies of the Higgs sector.
The Higgs sector of the complex MSSM

Tree-level relations for masses and mixing
The two scalar SU (2)-doublets are conventionally expressed in terms of their components in the following way, 
where the third and fourth powers in the fields have been dropped. Explicit expressions for the tadpole coefficients T i and for the mass matrices M can be found in Ref. [23] . They are parametrized by the phase ξ, the real SUSY-breaking quantities m . The latter can be redefined as real [27] with the help of a Peccei-Quinn transformation [28] leaving only the phase ξ as a source of CP -violation at the tree-level. The requirement of minimizing V H at the vacuum expectation values v 1 and v 2 induces vanishing tadpoles at the tree level, which in turn leads to ξ = 0. As a consequence, also M φχ is equal to zero and φ 1,2 are decoupled from χ 1,2 at the tree-level. The remaining (2 × 2)-matrices M φ , M χ , M φ ± can be transformed into the mass eigenstate basis with the help of orthogonal matrices D(x) = −sx cx cx sx , using the abbreviations
3)
The Higgs potential in this basis can be expressed as follows,
with the tadpole coefficients T h,H,A,G and the mass matrices At lowest order, the tadpoles and the non-diagonal entries of the mass matrices vanish, 6) for β = β n = β c , with β given in terms of the vacuum expectations values,
and for the second mixing angle α (with − π 2 < α < 0) determined by
The Goldstone bosons are massless, m G ± = m G = 0, and the masses m H ± , m A , m h , m H fullfil the relations
including the vector-boson masses M W and M Z .
Masses and mixing beyond lowest order
At lowest order, the irreducible two-point vertex functions of the neutral Higgs sector
are diagonal, and the entries of the mass matrices in Eq. (2.6) provide the poles of the diagonal lowest-order propagators
At higher order, the irreducible two-point functions are dressed by adding the renormalized selfenergies, 12) yielding the renormalized two-point vertex functionsΓ hHAG (p 2 ), which contain in general mixing of all fields with equal quantum numbers. The dressed propagators are obtained accordingly by inverting the matrixΓ hHAG (p 2 ).
In our case, we evaluate the momentum-dependent neutral "mass matrix" in Eq. (2.12) at the two-loop level,
hHAG denotes the matrix of the renormalized diagonal and non-diagonal self-energies for the h, H, A, G fields at loop order k. For the complex MSSM, the one-loop self-energies are completely known [23] , and the leading two-loop O(α t α s ) contributions have been obtained in the approximation of zero external momentum [22] . Within the same approximation, treating the two-loop self-energies at p 2 = 0, we derive the leading Yukawa contributions of O α In order to obtain the physical Higgs-boson masses from the dressed propagators in the considered approximation, it is sufficient to derive explicitly the entries of the (3 × 3)-submatrix of Eq. (2.13) corresponding to the (hHA)-components. Mixing with the Goldstone boson yields subleading two-loop contributions; also Goldstone-Z mixing occurs in principle, which is related to the other Goldstone mixings by Slavnov-Taylor identities [29, 30] and of subleading type as well [31] . However, mixing with Goldstone bosons has to be taken into account inside the loop diagrams and for a consistent renormalization.
The masses of the three neutral Higgs bosons including the new O α 2 t contributions are given by the real parts of the poles of the hHA-propagator matrix, obtained as the zeroes of the determinant of the renormalized two-point vertex function, 14) involving the corresponding (3 × 3)-submatrix of Eq. (2.13). The impact of the self-energies on the mixing and couplings of the various Higgs bosons can be obtained with he same formalism as described in Ref. [23] .
Renormalized self-energies at the two-loop level
For obtaining the renormalized self-energies in Eq. (2.13), counterterms have to be introduced up to second order in the loop expansion, for the tadpoles 15) and for the mass matrices in Eq. (2.4),
For getting the proper counterterms for the mass matrices in Eq. (2.5) one has to distinguish between the rotation angles β n , β c from Eqs. (2.3) and β in Eq. (2.7) when generating the expressions for the matrix elements in Eq. (2.5). Whereas α, β n and β c are not renormalized, β gets counterterms β → β + δβ according to the renormalization of tan β,
In the resulting expressions for the counterterm matrices, the identification β c = β n = β is done afterwards at each order. Details at the one-loop level can be found in Ref. [23] . In addition to the parameter renormalization described above, field-renormalization constants 
The field-renormalization constants in the mass-eigenstate basis of Eqs. (2.3) are obtained by
One-loop expressions for the entries in the Z-matrices in Eqs. (2.20) are given in in Ref. [23] ); their extension up to two-loop order is listed in the following,
21d)
The next step is the determination of the renormalized self-energiesΣ. The one-loop self-energieŝ Σ
hHAG (p 2 ) are contained in Ref. [23] . The renormalized two-loop self-energies can be written in 
compact matrix notation as follows,
where Σ (2) hHAG denotes the unrenormalized self-energies corresponding to the sum of the genuine twoloop diagrams and one-loop diagrams with subrenormalization. The symbol δ (2) M Z hHAG comprises all the two-loop counterterms for Σ (2) hHAG , resulting from parameter and field renormalization,
Besides the field-renormalization constants from Eqs. (2.21), and products of one-loop quantities, the two-loop mass counterterms are required, which are derived from the Higgs potential. A complete list is given in App. A; this list is valid for the general two-loop case and not restricted to the Yukawa approximation.
For the concrete calculation of the quantities entering Eq. (2.14) we evaluate the two-loop selfenergies at p 2 = 0 in the top-Yukawa approximation, which neglects contributions from the gauge sector (gaugeless limit) as well as the Yukawa coupling of the bottom quark setting the b-quark mass to zero. In this approximation, only those Feynman diagrams that are depicted in Fig. 1 
The quantities δ (1) e, δ (1) M W and δ (1) s w always occur in terms of the combination
where, however, in the gauge-less limit δ (1) e is equal to zero. The other elements of δ In Eqs. (2.23) also several one-loop mass counterterms are needed, which in the present approximations are given by the following expressions (symmetric in the neutral indices h, H, A, G), Figure 2 . List of two-loop tadpole diagrams contributing to T
i . One-loop counterterm insertions are denoted by a cross. Φi = h, H, A;
The renormalization constants in Eqs. (2.15)-(2.17) are determined via renormalization conditions that are extended from the one-loop level, as specified in Ref. [23] , to two-loop order; explicit expressions for the renormalization constants are given in App. D.6:
• The tadpole counterterms δ (k) T i are fixed by requiring that the minimum of the Higgs potential is not shifted, which means that the tadpole coefficients have to vanish at each order, 
From the on-shell condition, the independent mass counterterm δ
can be extracted, yielding
The result for the charged Higgs-boson self-energy can be found in App. D.2 and App. D.4.
• The field-renormalization constants of the Higgs mass eigenstates in Eq. (2.20) are combinations of the basic doublet-field renormalization constants
which are fixed by the DR-conditions for the derivatives of the corresponding self-energies,
• t β ≡ tan β is renormalized in the DR-scheme, which has been shown to be a very convenient choice [35] (alternative process-dependent definitions and renormalization of t β can be found in Ref. [29] ). It has been clarified in Refs. [36] that the counterterm for k = 1, 2 can be written
which at the two-loop level, however, is a special feature of our approximation and not generally valid.
Accordingly, also the one-loop self-energies have to be parametrized in terms of this representation for h t when added to the two-loop self-energies in Eq. (2.13). On the other hand, it may be convenient to use the Fermi constant G F for parametrization of the one-loop self-energies; in that case the relation 36) has to be applied, which is affected by loop contributions also in the gaugeless limit, described by the one-loop quantity
This finite shift in the one-loop self-energies induces two-loop terms of O α 
Subrenormalization
The two-loop top Yukawa coupling contributions to the self-energies and tadpoles involve one-loop diagrams with insertions of one-loop counterterms. This subrenormalization concerns masses and couplings in the colored sector and in the chargino-neutralino sector.
The third-generation quark-squark sector
The required one-loop counterterms for subrenormalization arise from the top and scalar top t as well as scalar bottom b sectors. The stop and sbottom mass matrices in the t L ,t R and Figure 4 . Feynman diagrams for renormalization of the quark-squark sector.
bases are given by
with Q q and T 3 q denoting charge and isospin of q = t, b. SU (2)-invariance requires m
q3 . In the gaugeless approximation the D-terms vanish in both thet andb matrices. Moreover, in our approximation the b-quark is treated as massless; hence, the off-diagonal entries of the sbottom matrix are zero and the mass eigenvalues can be read off directly, m
The stop mass eigenvalues can be obtained by performing a unitary transformation,
Since A t and µ are complex parameters in general, the unitary matrix Ut consists of one mixing angle θt and one phase ϕt.
Five independent parameters are introduced by the quark-squark sector, which enter the twoloop calculation in addition to those of the previous section: the top mass m t , the soft SUSYbreaking parameters mq 3 and mt R (mb R decouples for m b = 0), and the complex mixing parameter A t = |A t |e iφ A t . On top, µ enters as another free parameter related to the Higgsino sector. These parameters have to be renormalized at the one-loop level,
The independent renormalization conditions for the colored sector are formulated in the following way:
• The mass of the top quark is defined on-shell, i. e. 4) according to the Lorentz decomposition of the self-energy of the top quark (the contributing Feynman diagrams are depicted in Fig. 4 )
2˜ e denotes the real part of all loop integrals, but leaves the couplings unaffected.
• m , which are then fixed by on-shell conditions for the top-squarks,
involving the diagonalt 1 andt 2 self-energies (diagrammatically visualized in Fig. 4 ). These on-shell conditions determine the diagonal entries of the counterterm matrix
• The mixing parameter A t is correlated with thet-mass eigenvalues, t β , and µ, through Eq. (3.2). Exploiting Eq. (3.7) and the unitarity of Ut yields the expression
For the non-diagonal entry of Eq. (3.7), the renormalization condition
is imposed, as in Ref. [22] , which involves the non-diagonalt 1 -t 2 self-energy (Fig. 4) . By means of Eq. (3.8) the counterterm δ (1) A t is then determined. Actually this yields two conditions, for |A t | and for the phase φ At separately. The additionally required mass counterterm δ (1) µ is obtained as described below in section 3.2.
• As already mentioned, the relevant sbottom mass is not an independent parameter, and hence its counterterm is a derived quantity that can be obtained from Eq. (3.7),
The chargino-neutralino sector
For the calculation of the O α 2 t contributions to the Higgs-boson self-energies and tadpoles, also the neutralino and chargino sectors have to be considered. Chargino/neutralino vertices and propagators enter only at the two-loop level and thus do not need renormalization; in the one-loop terms, however, the Higgsino-mass parameter µ enters via the couplings of Higgs bosons to stops and the counterterm δ (1) µ is required for the one-loop subrenormalization. The mass matrices in the bino/wino/higgsino bases are given by
Diagonal matrices with real and positive entries are obtained with the help of unitary matrices N, U, V by the singular value decompositions
(3.12)
In the gaugeless limit the off-diagonal (2 × 2)-blocks of Y and the off-diagonal entries of X vanish. For this special case the transformation matrices and diagonal entries in Eq. (3.12) simplify,
and only the Higgsinosχ The Higgsino mass parameter µ is an independent input quantity and has to be renormalized accordingly, µ → µ + δ (1) µ, fixing the counterterm δ (1) µ by an independent renormalization condition, which renders the one-loop subrenormalization complete. Together with the soft-breaking parameters M 1 and M 2 , µ can be defined in the neutralino/chargino sector by requiring on-shell conditions for the two charginos and one neutralino. However, since only δ (1) µ is required here, it is sufficient to impose a renormalization condition forχ ± 2 only; the appropriate on-shell condition reads,
where the Lorentz decomposition of the self-energy for the Higgsino-like charginoχ ± 2 (see Fig. 5 ) has been applied, in analogy to Eq. (3.5).
Another option is the DR-renormalization of µ, which defines the counterterm δ (1) µ in the DRscheme, i. e. by the divergent part of the expression in Eq. (3.14).
Numerical results for masses and mixings
In this section we present numerical analyses for the masses of the neutral Higgs bosons derived from Eq. (2.14) in various SUSY-parameter scenarios. The complete one-loop results with the full dependence on the external squared-momentum p 2 , and the two-loop O(α t α s ) terms are taken from FeynHiggs, while the O α 2 t terms are computed by means of the corresponding two-loop self-energies as specified in the previous sections. In our strategy, the new O α 
MSSM input SM input
M 2 = 200 GeV, m t = 173.2 GeV, M 1 = 5s 2 w 3c 2 w M 2 , m b = 4.2 GeV, ml 1 = mẽ R = 2000 GeV, m τ = 1.77703 GeV, mq 1= mũ R = md R = 2000 GeV, M W = 80.385 GeV, A u = A d = A e = 0 GeV, M Z = 91.1876 GeV, ml 2 = mμ R = 2000 GeV, G F = 1.16639 · 10 −5 , mq 2 = mc R = ms R = 2000 GeV, α s (M Z ) = 0.118, A c = A s = A µ = 0 GeV, 1/α = 128.945.
Higgs-boson masses in the real MSSM
In the case of the MSSM with real parameters, conventionally the mass m A of the CP -odd A boson is chosen as an input parameter, and the masses of the two CP -even neutral scalar bosons are predicted in terms of m A and the other SUSY parameters. In this special case, a comparison of our diagrammatic result with those of the previously known O α t terms from [14] . The beautiful agreement between the two independent calculations has been shown recently for the mass of the lightest Higgs boson in Ref. [26] ; similar good agreement has been found also for the heavier Higgsboson mass. The impact of the O α 2 t terms in particular on the mass of the lightest Higgs boson is substantial, yielding a mass shift of ≈ 5 GeV, and demonstrates the importance of the two-loop Yukawa contributions for a reliable prediction of the Higgs-boson masses. For complex parameters, additional mass shifts of several GeV can occur from the complex phases.
Higgs-boson masses in the complex MSSM
In the current public version of FeynHiggs for complex parameters, the dependence of the O α 2 t terms on the phases of φ At and φ µ is approximated by an interpolation between the real results for the phases 0 and ±π [37, 38] . In Ref. 
CP-mixing
In the complex MSSM all three neutral Higgs bosons mix at higher orders according to the offdiagonal entries of the mass matrix in Eq. (2.14), leading to violation of CP -symmetry. Since the self-energies contributing to the mass matrix at higher orders are momentum-dependent, this CP -mixing depends on p 2 and hence it is not possible to describe CP -mixing in terms of a constant mixing matrix. A convenient approximation for the discussion of CP -mixing is given by setting p 2 = 0 in the renormalized self-energies of the Higgs bosons at all orders. In this case, Eq. (2.14) simplifies to the eigenvalue equation for the matrix M
hHA (0) in Eq. (2.13). The real mixing matrix which diagonalizes M (2) hHA (0) is denoted by U H in the following. It allows to define an approximate mass-eigenstate basis according to
In general the h i , i ∈ {1, 2, 3}, are no longer CP -eigenstates since they are composed of the CPeven h and H and the CP -odd A. The elements U H, i3 of U H in Eq. of the A boson inside of
and thus the CP -odd admixture in h i . The dependence of the mixing-matrix elements squared U 2 H, ij , in the approximation of Eq. (4.1), on the charged Higgs-boson mass m H ± and the basically unconstrained complex phase φ At [40] [41] [42] [43] [44] [45] is shown in the left part of Fig. 7 . Therein, the tiles are ordered according to the matrix array of U hj are close to each other, the entries U 2 H, ij rapidly change from zero to unity, i. e. h i and h j interchange their meaning. For a large value of the charged Higgsboson mass, the lightest Higgs h 1 is basically equal to h. In contrast, the heavier Higgs bosons can be composed of H and A in all possible variations, depending on the phase, thus yielding the possibility of very large CP -mixing. At the nodal points at the real values of A t for φ At = ±π and m H ± ≈ 165 GeV as well as for φ At = 0 and m H ± ≈ 155 GeV the masses of h 2 and h 3 are equal; slightly above or below the nodes, h 2 and h 3 can be identified as H or A. Between m H ± ≈ 155 GeV and m H ± ≈ 150 GeV an extreme situation is observed, where each h i is almost equal to h, H or A for any complex phase. However the situation changes for lower input values of m H ± where a large admixture of A to the lightest Higgs boson h 1 is predicted, depending on the complex phase φ At .
In the same parameter range the heaviest state h 3 is nearly CP -even for any phase. In this scenario the Higgs-like particle discovered at the LHC is interpreted as the heaviest neutral Higgs boson of the MSSM (so-called low-m H scenario). The strongest gradients for the mixing of h and A to h 1 and h 2 appear at φ At ≈ ±0. 4 and m H ± ≈ 150 GeV; for the present choice of parameters the masses m h1 and m h2 are equal at this point. For the same parameter set, in Fig. 8 the Higgs-boson masses are depicted for the two special cases of m H ± = 170 GeV (left) and m H ± = 250 GeV (right). For larger m H ± the mass of the lightest Higgs boson can be lowered by an increasing phase φ At to be in the mass range of the experimentally discovered Higgs-like particle, remaining essentially CP -even, whereas the heavier Higgs bosons get a larger mass splitting and a substantial CP -mixing. For the lower m H ± value, the phase cannot be too large for the right mass m h1 , and mass splitting of the two heavy Higgs bosons shows a stronger variation.
Complex-valued µ
Also the coefficient µ of the bilinear term of the superpotential is in general a complex quantity. The phase of µ is severely constrained by the experimental limits on the electric dipole moments of electron and neutron. These bounds can, however, be circumvented in principle by a specific finetuning of the phases of µ and of the non-universal SUSY parameters [42, 44, [46] [47] [48] , leaving room also for a non-vanishing phase φ µ , and thus we want to illustrate potential effects of φ µ = 0 in terms of an example. In Fig. 9 we display the influence of the phases φ µ and φ Xt (with X t = A * t − µ/t β ) on the mass of the lightest Higgs boson. In the depicted scenario the variation of m h1 with φ µ is of the order of 0.5 GeV. Changing of the sign of φ µ mirrors the graphs at the axis φ Xt = 0.
As one can see in the expressions in App. D, the off-diagonal self-energies Σ (2) hA and Σ 
Conclusions
We have presented the full results for the leading two-loop Yukawa contributions of O α 2 t from the top-stop sector in the calculation of the Higgs-boson masses of the MSSM with complex parameters. They generalize the previously known result for the real MSSM to the case of complex phases entering at the two-loop level. The combination of the new terms with the hitherto available full one-loop result and leading two-loop terms of O(α t α s ) yields an improved prediction for the Higgsboson mass spectrum also for complex parameters that is equivalent in accuracy to that of the real MSSM.
In the complex MSSM, the masses of the three neutral Higgs are derived quantities whereas the mass of the charged Higgs boson is chosen as an input parameter. The mass shifts that originate from the O α t terms are significant, and hence an adequate treatment also for complex parameters is a necessity. Besides the mass shift of about 5 GeV in the real MSSM, additional shifts of the same size can be induced by complex parameters.
Large CP -mixing among the heavy Higgs bosons is found for m H ± 160 GeV. In this case the lightest Higgs boson is basically CP -even and can be identified with the Higgs signal observed in the LHC experiments ATLAS and CMS. At lower values of the charged Higgs-boson mass, the lighter Higgs bosons can be strongly CP -mixed, with low masses, and with the heaviest Higgs boson basically CP -even. In this case, the observed Higgs particle can be interpreted as the heaviest neutral Higgs boson of the MSSM. Such a scenario, however, might be ruled out by the experimental exclusion of a light charged Higgs particle.
Our new results will become part of the code FeynHiggs, where so far the complex phases are treated in an approximate way by interpolating between the real results for phases 0 and ±π. At the formal side, we have given the complete counterterm structure at the two-loop level for the renormalization of the self-energies in the Higgs sector of the complex MSSM, which can be used for further two-loop calculations going beyond the Yukawa approximation.
A. Two-loop mass counterterms
The genuine two-loop mass counterterms introduced in Eq. (2.16b) and Eq. (2.17b) are listed in the following. Thereby δ (1) e, δ (1) M W and δ (1) s w always appear in the combina-
The neutral counterterms are symmetric, i. e.
B. Couplings and counterterm insertions
B.1. Tree-level vertices
The tree-level vertices contain the top-Yukawa coupling h t = m t /v 2 . In the case of the Higgs bosons, their different couplings are accommodated by explicit factors c ( . . . ). The symbols Φ 0 and Φ ± are used as generic expressions for the Higgs bosons, i. e. Φ 0 ∈ {h, H, A, G} and Φ ± ∈ {H ± , G ± }. For fermion couplings, the left-chiral part is the first and the right-chiral part the second entry of the column. The present approximations have already been applied to this expressions, leaving only those parts proportional to h t or h
(B.1a)
(B.1b)
(Ut l1 Ut n2 + Ut l2 Ut n1 ) .
(B.1e)
, −1 .
(B.1j)
B.2. Counterterm vertices
The following one-loop counterterms for the two, three-and four-point vertices appear as insertions in the two-loop diagrams with subrenormalization for masses and couplings. For the two-point vertices we have t t
To shorten the notation for the three-and four-point vertices, the previously defined tree-level couplings C( . . . ) are re-utilized; their corresponding one-loop counterterms are named δ (1) C( . . . ).
Since each of the vertices contains the top-Yukawa coupling h t , its renormalization constant
given by
is part of each vertex counterterm [the renormalization constant δ 
The counterterms of Eq. (B.5j) and Eq. (B.5k) should be emphasized, because they are the only ones which cannot be simply expressed as a product of a tree-level coupling and the counterterm of the top-Yukawa coupling and field renormalization.
C. Loop integrals
The analytical evaluation of the O α 2 t contributions requires the following explicit expressions for one-loop and two-loop integrals.
C.1. One-loop functions
In the following all required one-loop integrals are listed up to O 1 , where = (4 − D)/2 parametrizes the divergent parts. D is the dimension of the integrated momentum and µ D depicts the regularization parameter, so that
The reduction to scalar integrals as described first by Ref. [49] has been used. The scalar integrals have been re-evaluated by using the technique of Feynman parameters.
log (m 
C.2. Two-loop functions
The notation of the two-loop integrals follows the conventions which have been introduced by Refs. [33, 50] . After reducing the appearing two-loop integrals to a set of master integrals and applying the approximation of a vanishing external momentum, only the following function is left which cannot be completely expressed in terms of one-loop functions. The result is taken from Ref. [51] and reordered in the given way. Up to O 0 it reads: 
The function Φ cyc is cyclic in its arguments and contains only finite parts. During the reduction to master integrals some terms can be expressed as products of one-loop integrals: 
results
The analytical expressions for the O(α 2 t ) contributions to the Higgs tadpoles and self-energies that are described in Section 2 are listed in the following.
D.1. Symbols and abbreviations
The following symbols and abbreviations are used to express the analytical results in a compact way. To shorten the notation the absolute-value bars of |X t | 2 , |Y t | 2 and |µ| 2 are suppressed in the following terms: 
